We investigate the effects of market fragmentation and information flows in the case of stocks cross listed on markets in Central Europe and London. First, we test for co-movement, interaction and error correction behavior between the local and London markets. Our results suggest that strong interactions exist between these markets, with the London market being slightly more important than the local one. The two prices of cross-listed stocks are cointegrated and pricing errors are corrected over few days. These interactions suggest partial fragmentation. Second, we extend an earlier model to examine the impact of foreign listing on the variance of local returns. The focus of previous studies has concentrated almost exclusively on the return of cross-listed securities. The variance of returns has remained mostly unnoticed, even though some studies noted an increase of variance after the cross listing. In our model, we introduce a new factor that influences return variance -tighter interaction with foreign markets as a consequence of cross listing. Estimation results lend support to our model.
Introduction
Cross listing of securities has been increasingly popular in recent decades and the number of ADR and GDR issues has been growing fast. Indeed, even firms from transition economies -that have limited equity market experience -introduced their stock to the international equity markets in London or New York. With growing popularity of cross listing in the financial markets, economic literature started to pay closer attention to this phenomenon.
The focus of majority of previous studies has concentrated on the excess return connected with cross listing. The second most important characteristic of a stock -its risk as measured by return variance -has been largely neglected and the present paper attempts to fill this gap. First, we investigate the information flows between cross-listed securities and draw a conclusion about the degree of integration of the local and foreign markets.
Second, we turn to the problem of local return volatility. We extend an earlier model of Domowitz et al. (1998) and estimate it using data on stocks from Central Europe that are cross-listed on the London Stock Exchange. We explicitly include the pricing errors between the local and London markets as a factor influencing the beliefs of market participants. Approximately half of the stocks in our sample allow us to estimate the effects of cross listing directly, in an event-study manner, for the rest we estimate a simplified version of the model.
In the first step of our analysis, we attempt to determine whether and to what extent are the information flows between local and foreign markets important. For this purpose, we use the Granger causality framework and a cointegration/error correction approach.
By estimating these models we are, in fact, testing whether the two markets are integrated or fragmented. If the markets were integrated, in other words, if there was only one market with two trading venues, there would be only one price since we have two virtually identical assets (the payoffs of the stock and the GDR are basically the same).
Of course, that does not mean that there cannot exist random fluctuations of the two prices, which would yield temporary price differences. However, in an integrated market setting, such price differences should not exhibit any systematic patterns and should be quickly corrected -mostly during the same trading day. If systematic patters can be found in daily data, we would consider the markets to be fragmented.
A related question, which we also address and which is important for the second step in our analysis, is whether any of the markets dominates the other in terms of new information discovery. The local market might have superior access to information about local firms, at least in terms of timing, but the foreign markets are more developed and much more capitalized and thus their shocks might theoretically spill over to the local markets. Another related question is whether profitable arbitrage opportunities exist and, if they do, how quickly are they corrected.
In the second step, we focus on the return volatility of cross-listed stocks. As already mentioned, few of the studies that dealt with the cross-listed shares explicitly examine the behavior of return variance. Most recently, Domowitz et al. (1998) and Foerster and Karolyi (1999) report that the variance of returns increased after the cross listing. In our view, which we formalize and explore in this paper, return variance of cross-listed securities on a partially fragmented market can be decomposed into three components. 2 First is the baseline volatility, which is determined by the realization of new information and market frictions unrelated to the following two factors. Second are the magnitude and characteristics of order flow (or, in other words, liquidity) and third is foreign market volatility. The third factor is transferred to the local price of the cross-listed security through pricing errors and utilization of arbitrage opportunities by investors. The the first two factors were examined by Domowitz et al. (1998) using data on Mexican equities, however, these two factors did not explain the increase of variance after GDR listing.
We use data on stocks from three markets in Central European countries in transition.
Emerging capital markets in transition economies are often flawed by problems of low liquidity, insufficient regulation or market fragility. These problems are arguably more serious as compared with other emerging markets that have developed during a longer time period (for instance, Mexico). Since we explore the impact of market fragmentation, these markets appear to be more suitable for our analysis than other, more advanced, emerging markets and certainly are more suitable than developed markets. It is also advantageous to use stocks from three different markets, even though international portfolio investors often perceive them as being one region. The capital markets in these three countries have experienced quite different development over past years and have different structures. Data from three countries thus allows us to lower the potential flaw caused by idiosyncratic features. 2 Since ideal markets do not exist in the real world, all real data will come from markets that are at least slightly fragmented. It is thus somewhat surprising that Domowitz et al. (1998) attempt to test for market integration when they were unable to obtain price information from both local and foreign markets for the stocks in their sample. It appears to be impossible for two markets to be integrated when prices from the other market are not readily available.
We bring evidence from three emerging capital markets, while most of previous studies on cross listing dealt with developed markets (U.S., U.K., Canada, and Japan), which are large and liquid. 3 All the three countries, though to different degree, have significantly relied on foreign investors to finance the transition toward market economy. On the part of foreign investors, then, there has been substantial interest, since the three countries has been the most developed among countries in transition, became members of the NATO and have been viewed as being on a fast track for the EU membership. Foreign investors therefore played an important role in these capital markets.
As for related literature, the study by Domowitz et al. (1998) is most closely related to ours. Domowitz et al. investigated the effect of order flow migration and used data on Mexican shares. They showed that the effect of cross listing depends on the quality of inter-market information linkages. On one hand the domestic market experiences order flow migration to the foreign market where the stocks are newly listed, but on the other hand, cross-listing could improve market quality in terms of spreads, precision of public information and overall liquidity of the stock. The realization of these benefits, however, hinges on the degree of integration of the two capital markets. Domowitz et al. deal with order flow migration, but they do not recognize that foreign market volatility becomes a stronger factor influencing the local market volatility when local shares are cross-listed abroad. We extend their work to explicitly include the volatility of prices on the foreign market by considering the reaction of market participants to the pricing errors. As we have already mentioned, Domowitz et al. found that volatility increased after international cross listing. Indeed, virtually all the securities they study experienced a rise in volatility after the cross listing and they are not able to explain this rise by liquidity changes.
4
One of the earliest relevant studies on dually listed stocks dates back to late seventies and was authored by Garbade and Silber (1979) , who analyzed the short run behavior of dually listed equities, that is, stocks traded on the New York Stock Exchange and the regional stock exchanges. These authors introduced the concept of dominant and satellite markets. If a particular security is traded on two markets, say A and B, under imperfect market integration the price adjustment can be characterized in two ways. Firstly, the adjustment to mispricing might be symmetric, that is, the speed of adjustment of prices in market A is the same as the speed of adjustment of prices in market B. On the other hand, prices in one market (for instance A) may usually or always adjust to prices in the other market (B); then, market B is dominant and market A behaves like a satellite and vice versa.
Lieberman, Ben-Zion and Hauser (1999) examine the price behavior of stocks dually listed in Israel and the U.S. by using an error-correction approach. The authors found that the price time series of dually listed securities are cointegrated, arbitrage opportunities are generally not available, and the domestic country mostly emerges as the dominant market, while the foreign country behaves like a satellite market. An analysis of Hauser, Tanchuma and Yaari (1998) used data on several stocks listed on both the Tel Aviv Stock
Exchange and the NASDAQ in order to investigate the information transmission between these two markets. Two alternative tests for causality, both based, in essence, on the Granger (1969) idea were used. Their conclusion was that the price causality is unidirectional from the domestic market to the foreign market. Murphy and Sabov (1995) explored the pricing of Hungarian stocks unofficially quoted in Vienna. Their study uses data from a truly embryonic phase of the development of Hungarian capital markets and their results thus cannot be directly compared to ours.
As mentioned earlier, there exists rather rich literature dealing with the impact of cross listing on the (required) return of the stock. Theoretical models, for instance Alexander et al. (1987) , suggest that cross listing should lead to excess returns. These excess returns are justified by market segmentation, which is overcome by the cross listing. Empirical results, however, have not been completely persuasive. Domowitz et al. (1995) found that excess returns are insignificant around the GDR (ADR) listing, while Jayaraman (1993) found significant gains only for Japanese firms. Alexander et al. (1988) found positive abnormal returns prior to the cross listing, but they also observed negative returns after the cross listing. More recently, Miller (1999) examined the stock price reaction of international dual stock listing across a broad sample of countries and focused on the date of dual listing announcement rather than actual listing date. His findings suggest that the excess returns are indeed significant.
Overall, theoretical studies suggest that the cross listing will lead to excess returns if the two markets are not integrated. However, there are also possible drawbacks, which arise when the two markets are fragmented, i.e., pricing information is not readily available or there are other barriers to transfer of information. Then, order migration might decrease local market quality as suggested by Domowitz et al. (1998) . Moreover, as we suggest, the transfer of foreign market volatility might increase the volatility of local returns. This might be particularly important in the case of emerging markets with relatively low liquidity that tend to be vulnerable to transfer of fluctuations from developed markets.
To sum up, the contribution of this paper is threefold. First, we use Granger causality and cointegration/error correction models to draw conclusions about market integration or fragmentation. 5 Second, we extend the Domowitz et al. (1998) model to include the effects of foreign market volatility and focus on the variability of local returns after GDR listing. Third, we are using data from three emerging markets, for which the abovementioned volatility and order migration effects should be important. Such data has not been used previously as most previous papers dealt with developed markets.
Data Description
We use data from three equity markets in Central Europe -the Czech Republic, Hungary and Poland. The Czech Republic employed coupon privatization when privatizing large firms, which led to widely dispersed ownership of shares and fast development of the equity market, at least in terms of market capitalization and the number of traded shares.
The regulation of the market and especially the protection of minority shareholder rights lagged significantly behind. Investor confidence was damaged by several cases of fraud and the Czech capital market became gradually regarded as an insider market. Since many shareholders who received shares in coupon privatization sold out and there have been neither strong domestic institutional players nor broad small shareholder participation, the Czech market has been to a large extent dependent on foreign investors.
5 To our knowledge, these models have not been used in this way previously.
Poland took a different approach, it started with strict regulation and a small number of companies on the stock exchange, but the market developed rather rapidly and attracted a number of initial public offerings. Also, Poland became to a large extent a retail market, with a large number of small shareholders. Hungary sold a large number of its large firms to foreign investors, which improved its business climate significantly. The number of firms on the exchange was smaller as compared to the Czech Republic, but the investment sentiment was better, also because international investors trusted the foreign owners of companies whose shares were traded on the exchange.
The different levels of capital market regulation, combined with differences in economic development, led to very large variation in returns of the three markets. 
Information Links Between Markets

Models
As the first step in our inquiry about the role of information flows and local market volatility, we estimate two models -Granger causality and cointegration/error correction models. These should help us determine whether the two markets, local and London, are integrated or fragmented.
Information Flows: Granger Causality
First, we estimate the Granger causality model in order to find out what is the direction of information flows and whether any market, local or London, can be viewed as dominant in terms to information discovery. In fact, both could play the role of a dominant market.
The domestic market is closer to the sources of information about the companies, but foreign investors are important players on the local markets and might react to the development of global capital markets and thus influence the local market.
The model is in the usual Granger (1969) causality framework, which allows us to examine the co-movements of two time series. One time series is regressed on its own lagged values and on the lagged values of the other time series. In general, if we denote the two time series under study as x and y, the model to be estimated takes the form å å
We say that x Granger-causes y if the lagged values of x in the regression of y on lagged y and x are statistically significant. This means that lagged values of x contain relevant information for the current value of y. In our specification, we test whether the coefficients γ are jointly significantly different from zero, and symmetrically for the hypothesis that y Granger causes x. Overall, we can find four possible outcomes: two cases of unidirectional causality (x causing y or y causing x but not vice versa), no causality and causality running both ways. In our specific case, the two time series are the returns of the local stock and its GDR (converted to be expressed in terms of one currency, at the current market exchange rate).
Returns are computed as percentage price changes. We can thus have causality (and information) flowing from the local market to London only or vice versa. The other two possibilities are either causality in both directions (then we cannot say what market is dominant) or no causality. It should be noted that the evidence of causality in either or both directions suggests that the markets are fragmented -this is due to the fact that we use daily data and we would expect the pricing differences to disappear quickly. In the no-causality case, we cannot reject the hypothesis that the markets are integrated and that new information is compounded into prices simultaneously at the two trading venues.
However, it might also be the case that the two price series are unrelated -this possibility is addressed in the following sub-section (where we test the cointegration of the two time series and estimate an error-correction model).
As for the method of estimation, we use the basic OLS estimator, but with a correction for heteroscedasticity -stock price time series, similarly to many other financial time series, are known to be prone to changing variance. 14 We use the standard White (1980) approach. In order to test for the joint significance of the lagged terms, we use the usual F-test, that is, we test the restriction that the coefficients of the lagged terms are jointly equal to zero. 15 The optimal number of lags (p) was determined according to the standard Akaike and Schwarz Bayes Information Criteria.
Existence and Persistence of Arbitrage Opportunities: an Error Correction Approach
In this section, we inquire into the existence of arbitrage opportunities and their persistence. First we create the mispricing series -that is, the difference between the price on the local market and in London -and compute its basic statistical properties. We use the current market exchange rate to make prices on the two markets comparable. Then we test for the level of integration of the price time series -we need to ascertain the degree of integration in order to proceed with the cointegration and error correction models. In our case, one would expect (and this indeed turns out to be the case) that the price time series will not be stationary, but their first differences will be stationary. This means that the domestic and foreign prices are both integrated of the order I(1). We use the augmented Dickey-Fuller (ADF) test in order to test for the degree of time series integration. For any time series, let us denote it y, this test amounts to running the 
and the London (GDR) return as the dependent variable
where IXL and IXUK stand for the market index in the local capital market and in London, respectively. We generally use the most widely quoted indices, which all employ the market capitalization weighting. That is, we use the PX-50 for the Czech Republic, BUX for Hungary, WIG20 for Poland and FTSE100 for the U.K. market. The two parameters of primary interest (λ and θ ) are those at the error term. These parameters reveal the way the time series react to the short-term deviations from the long-term equilibrium relationship. Market efficiency and the no-arbitrage theorem do not exclude the possibility that random factors cause the two time series diverge from their equilibrium relationship. Such random fluctuations, however, should be quickly corrected by arbitrage. Thus, arbitrage opportunities might exist, but they should not persist over a long period of time. The fact that we allow the error-correction coefficients (λ and θ ) to be different, also offers an insight into the dominant-satellite relationship between the two markets. If a mispricing arises, the satellite market would be expected to move faster toward the price on the other market than vice versa.
We use the OLS estimator for testing the unit roots and cointegration. For the error correction model, we use White (1980) heteroscedasticity-consistent estimator again.
It should be noted that we face the endogeneity problem when estimating the error correction model in both directions -equations (5) and (6) form, in fact, a system of equations. We had to instrument the contemporaneous price change on the other market (∆UK t in equation (5) and ∆ L t in equation (6)) by its lagged value and by change of the market index on the same market (∆IXUK t in equation (5) and ∆ IXL t in equation (6)).
Estimation Results
Results of Granger Causality Estimation
We estimated the Granger causality model with different lag lengths (from 1 to 6) and, as already mentioned above, used the Akaike and Schwarz Bayes Information Criteria when choosing the optimal number of lags. The optimal number of lags varied between 2 and 6 for individual stocks, with 3 and 4 being the most frequent lag length. Our results were not sensitive to the specification of the model, though.
<Table 2 can be found in the Appendix>
The results suggest that there exist strong information flows between the local and London markets. In most instances we were able to reject the null hypothesis of no Granger causality. In fact, we were able to reject the null hypothesis in 20 out of the 22 instances for London to local market causality and in 14 out of the 22 instances for the causality from local market to London. Moreover, most of the rejections were at the 1% significance level. Overall, we found that in approximately half of the cases (12 out of 22), the causality was running in both directions; the London market appears to be more important on the whole, even though there are instances in which we observe a unidirectional causality from the local market to London.
Our results confirm that the development of the London market is important for the local equity markets in Central Europe and also, though to a somewhat lesser extent, the development on the local markets influences the trading of the GDRs in London. It is interesting to note that not only the F-test rejects the null hypothesis of no causality and allows us to conclude that the lagged price changes on the other market are jointly different from zero, but also many of the coefficients for individual lagged changes are highly significant (and, in line with expectations, they are virtually all positive -higher price in London implies higher price on the local market and vice versa).
17 Indeed, in some instances lagged changes on the other market retain explanatory power for the returns on the other market for four or five days. This suggests that the markets are fragmented, since if there was indeed only one integrated market with two trading venues 17 Information on the individual coefficient estimates is depicted in Table 7 in the Appendix.
-local and London markets -prices would adjust very quickly and we would not be able to observe such a prolonged adjustment. 
Results of Error Correction Model Estimation
First we computed the basic statistics for the mispricing series -that is, the difference between the local price and the London price (which was converted to local currency).
Taking simple average over the sample period for each stock yielded values between minus 4.4% and plus 4.4%. If we thus took the average over all stocks, the mispricing would be equal to approximately zero -the positive and negative deviations would cancel out. This is not surprising and suggests that there is a long-term parity relationship between the local and London price. A better view of the magnitude of mispricing, however, is to examine the absolute value of the price deviations, since it does not matter, from the arbitrage point of view, in what direction the pricing difference occurs. The arbitrage can be executed in both directions.
If we thus inspect the series of absolute value deviations, we see that the average mispricing varies from 0.6% for Č eský Telecom to 5.4% for Polish KGH and averages at 2.0%. There is a weak tendency for the stocks with higher market capitalization to have 18 The approach presented above, that is, looking for causality and market interaction in prices both expressed in a common currency (local or USD) basically assumes the arbitrage view of the problemprices expressed in common currency should move together since otherwise there would exist arbitrage opportunities. The potential problem of this approach is that it introduces additional source of variationthe exchange rate -into the analysis. If one wanted to focus purely on the information-driven comovements in the two prices (information about the stock only), he or she might use the original time series -that is, without putting them into one currency (and then assume that the exchange rate movements are not correlated with news relevant for the stock's value). In our case, though, this problem does not affect the result -we have estimated Granger causality also with the original GDR prices in USD and the conclusions on causality were virtually identical (even though the significance levels were higher and the number of statistically significant parameters was lower).
lower degree of mispricing. Overall, despite the fact that the two time series appear to be reasonably close, there might be room for profitable arbitrage.
<Table 3 can be found in the Appendix>
We have seen both positive and negative average returns among the stocks in our sample, with the average being slightly positive. For the ten stocks, for which we have enough observations prior to the GDR listing, we have computed the volatility of local returns (volatility defined as the standard deviation) both prior and after the GDR listing. In our sample, for 7 out of 10 stocks volatility increased after the GDR listing. The three markets under consideration were developing quite rapidly and the increase of volatility might be caused simply by changes of volatility on the market level. We thus compared the changes of volatility of the cross listed stocks with the change of volatility of the market indices by using the variation coefficients (details can be found in Table 8 in the Appendix). It turns out that also in relative terms the volatility of cross listed stocks increased -for seven out of the ten stocks, the variation coefficient either increased more or decreased less that the volatility of the market index. 19 Overall, our data confirm the findings of the previous studies we cited above, which suggest that the volatility of local returns is higher after GDR listing. Table 4 depicts the results of unit root tests. In the vast majority of cases we were unable to reject the null hypothesis of a unit root for the price time series -this holds for prices both on the local market and at the London Stock Exchange. On the other hand, when we 19 It should be noted that some of the cross listed stocks are members of the market indices we use as a representation of the overall market. This, however, is not a problem in this case -the difference in volatility changes between these stocks and the market index is simply due to the volatility of other stocks that were not cross listed. took first differences of the prices, we were able to reject the null hypothesis for almost all series. We thus concluded that most prices are integrated of the order I(1). In fact, for 19 out of the 22 stocks in our sample, we were able to conclude that both local and
London prices are I(1). As for the remaining three stocks, to two of them we rejected the null hypothesis already for the original price time series (and thus concluded that it was stationary) and for one stock -Europejski Fundusz Leasingowy -even the first differences were not stationary. In this last case, though, the results were most likely influenced by low number of observations.
<Table 4 can be found in the Appendix>
With two time series, both I(1), we can test for their cointegration. The regression of one price time series on another yields an estimate of the equilibrium relationship between the two time series. The results confirm the expectation that that the coefficient should be close to one, that is, that the two prices should be identical. The coefficients indeed do not differ from one and are highly significant. We report only the results of regression of the local price on the GDR price in Table 4 , but the results of running the regression in the other direction were almost identical. We conclude that in almost all cases the two price time series are cointegrated with the cointegration coefficient (long run equilibrium relationship) being close to one.
The existence of two cointegrated time series allows us to estimate the error correction model. The results can be found in Table 5 .
<Table 5 can be found in the Appendix>
Our results confirm the existence of an error-correction mechanism between the local and The error correction estimates also correspond to the above results of Granger causality, which suggested that new information is realized on both markets and thus there is no pure dominant-satellite market relationship. Here, both prices react to the pricing error and the coefficients are similar in magnitude. In fact, the average of significant errorcorrection coefficients amounted to 0.35 for the change of local price as dependent variable and it stood at 0.50 for the change of GDR price as the dependent variable. Thus, the error correction mechanism appears to be roughly symmetric. While there are mostly small differences between the coefficients for the two directions of error correction, substantial differences exist between countries. In the case of the companies from the Czech Republic and Poland, the error correction coefficients average to approximately one third, while the Hungary's average coefficient is close to 60%.
The main conclusion we draw from the results of estimating the error correction model is that the local markets indeed react to the mispricing. Since the error-correction term was significant in vast majority of cases, this conclusion is rather strong. 20 We do not estimate the error correction model for the 3 stocks for which we were not able to conclude that both local and London prices are I(1).
Cross Listed Security on a Fragmented Market
Model
Our model is based on the framework used by Domowitz et al. (1998) The problem that we would like to bring attention to is that cross listing of securities brings higher excess returns when the two markets are segmented, that is, if there are some barriers to investment. Such markets, though, will also tend to be fragmented, which induces the adverse effects of order flow migration. Also, errors in pricing between the local and foreign markets emerge as a new source of local price volatility. It thus appears that there will be a tendency for securities from fragmented markets to obtain cross listing, which induces the negative effects of increased local market volatility after cross listing.
While Domowitz et al. do not make the assumption of market integration or fragmentation, but rather attempt to determine the degree of fragmentation from their estimates, we assume that the markets are to some extent fragmented. We have two reasons for making this assumption and thus focusing on and developing the intermediate case between complete integration and complete fragmentation. First, the above estimates of Granger causality and cointegration models suggest that our markets are indeed fragmented. Second, since traders on the local market are unable to observe the London order flow, it appears that complete integration is impossible. 21 In any case, if we introduced coefficient restrictions, our model could accommodate the complete integration as well.
The focus on the partial fragmentation case allows us to add an important component into the Domowitz et al. framework, which is the volatility induced by market fragmentation.
Intuitively, random shocks and the realization of information cause the price on the foreign market (in our case London) to be different from the price on the local market.
Investors, as well as market markers, observe this difference and react accordingly when setting the quotes and making investment decisions. There thus exists another factor, the difference of prices in the two markets, that influences returns and possibly increases local market volatility. The importance of this factor will depend on the degree of fragmentation of the two markets and on the significance of information realized on the foreign market.
Also formally, our model starts from the Domowitz et al. (1998) framework. 22 Consider a stock trading on local and foreign markets. Both domestic and foreign investors are allowed to trade the stock on both markets. 23 The arrival of domestic and foreign investors is governed by independent Poisson distributions. The combined arrival intensity to the local market is denoted by θ . We assume that investors arrive subsequently (one after another). Let x k denote the order of the trader k that arrived at the market at time t k . The variable x k can take three values: +1 if the order is a buy, -1 if the order is a sell and 0 if the trader that arrived chose not to trade.
Following Glosten and Milgrom (1985) , we assume unit trade size and we also assume that the local price the trader faces is 
where λ measures the impact of a trade on the expected value of the asset. If informed trading is possible, market makers will revise their expectation of the asset's value based on the observed order flow. The variable f denotes the price of the stock on the foreign market. We assume that the market makers observe prices on the foreign market, even though they do not necessarily observe also the order flow on the foreign market. This corresponds to the actual setup of our three markets and is the same as in Domowitz et al. (1998) . We add the second key part in that we assume that the market makers react to the price difference by revising their expectation of the asset value. The rationale behind this assumption is that the market makers observe the different market valuation of the stock on the foreign market and conjecture that at least part of the difference is be due to the fact that private information was realized on the foreign market. Thus, they adjust their expectations. 24 Similarly as Domowitz et al., we assume that the quotation function of market markers is a public information and thus their expectation can be inferred from the quotes.
Investors arrive to the market and decide whether to trade and, if they trade, whether to buy or sell the stock. They maximize their expected utility, we assume that their utility function takes the mean-variance form. As in Domowitz et al. (1998) , in order to model the diversification motives for trading, we assume that investors receive idiosyncratic human capital income h t . At time t, the investor observes private signal about the true value of the stock -in terms of deviation from the public expected value -y t . His estimate of the stock value is thus y t +µ t . Let ρ 2 denote the variance of this estimate.
The investor thus maximizes
23 This is satisfied for the three countries we consider. 24 This assumption is justified by the results of Granger causality tests and error-correction model estimates, which were presented above. The London market appears to be an important place in terms of realization of information relevant for the value of the stocks.
by choosing x t from {-1,0,1}. The term w t stands for -2cov(h t , v t ), that is, the covariance between the investors human capital income and the stock's fundamental value. This term captures the diversification benefits the investor yields from investing into the stock.
For an investor who arrives at the market, it might be optimal not to trade (set x t = 0). It can be shown that the investor will not trade if s + aρ 2 > |y t + w t |. 25 Let φ be the probability that the investor will choose not to trade upon arrival:
At this point, we need to express the variance of price changes on the local market. The price change from opening to close on the local market is å å
We are, however, interested in the variance of close to close price changes. In order to obtain it, we need to consider the overnight innovation on the local market ε ~ (0,σ ε 2 ).
26
Thus, using the properties of Poisson distribution and the assumption that the innovations, pricing errors and local price changes are independent, the variance of the close to close price changes is
In is worth noting that it is the variance of mispricing that increases the local market variance. The variance of f, the price on the foreign market, as such does not matter. This 25 See the Domowitz et al. (1998) study. 26 The overnight innovation on the foreign market impacts only the variable f and not directly p (foreign innovations impact the local price only through the market maker's reaction to the pricing difference).
can be seen from the fact that if the two prices -on the foreign and local markets -were always the same, no additional source of volatility would exist. Let ∆ p denote the change of the price on the local market and let ∆ lf stand for difference between the domestic and foreign prices. We square these terms in order to obtain a proxy for the variance of the local price and the variance of the pricing error, respectively. The variance of the pricing error is used as an approximation of the term ) ) ( ( 1 1 
Estimation Results
Our results confirm that the mispricing, or more precisely its variance, is an important determinant of the local return variance. The results thus lend support to our model, which assumed that the two markets are fragmented and that investors take into account the mispricing when updating their beliefs about the fundamental price of the stock.
In half of the cases, the coefficient alpha, which captures the effect of the pricing error volatility, is significant at the 5% level.
<Table 6 can be found in the Appendix>
The baseline volatility estimates are significant and positive, which is in line with expectations. There is some evidence that it diminishes as the result of the GDR listing.
We also find significant and positive effect of volume, which is in line with both the predictions of our model and with the findings of Domowitz et al. (1998) . One might argue that the effect of volume tends to diminish after the GDR listing, but the evidence is not very strong as there are also positive significant coefficients. Also, the first-order autocorrelation term is significant and positive, which implies that higher variance observations tend to be clustered. It does not change after the listing of the GDRs. The coefficient of determination varies from just 1% to as high as 69%. On average, the model explains 17% of local stock price variance.
Conclusion
The current paper investigates the information flows between cross-listed stocks by using a sample of securities from Central Europe. We focus on one of the potential problems arising from cross listing of securities, which is increased variance of the local market returns after the shares are cross listed abroad. Earlier studies attempted to explain this increased variance by order flow migration and higher baseline volatility of returns. We extend an earlier model to include another factor influencing local return variance -the pricing errors between the local and foreign markets. The excess returns and thus incentives to cross list securities tend to be higher in the case of segmented markets, in other words, when cross listing overcomes existing barriers. This, however, suggests that the local and foreign markets, on which the cross-listed securities are traded, are unlikely to be integrated and pricing errors might be substantial.
As the first step of our analysis, we use Granger causality and cointegration framework to examine the information flows and co-movements between the markets. We found that substantial information flows exist between the local and London markets. The markets appear to be fragmented, since we found systematic causality patterns in daily data.
Moreover, these patterns persisted over several days. The two time series of prices are cointegrated and estimation of an error correction model suggests that arbitrage works in both directions to correct any pricing errors. The relationship between the local and London markets appears to be rather symmetric in terms of the error correction mechanism. As for the Granger causality, we found that it runs in both directions, but the London market appears to be slightly more important, at least in terms of the number of companies for which the null hypothesis of no causality was rejected.
Estimation of the sources of variance on the local market lends support to our model, which assumes that the investors watch and react to the difference between the local and London prices. We have thus identified another factor that needs to be considered when considering cross listing shares abroad in an emerging market environment -it is the increased variance of returns that is induced by the fragmentation of the market. Our findings help explain the increased variance of returns that was reported previously. 
